Aims: Patients with liver disease may develop hepatic encephalopathy (HE), with cognitive impairment and motor in-coordination. Rats with HE due to portacaval shunts (PCS) show motor in-coordination. We hypothesized that in PCS rats: (i) Motor incoordination would be due to enhanced GABAergic tone in cerebellum; (ii) increased GABAergic tone would be due to neuroinflammation; (iii) increasing cGMP would reduce neuroinflammation and GABAergic tone and restore motor coordination. To assess these hypotheses, we assessed if (i) treatment with sildenafil reduces neuroinflammation; (ii) reduced neuroinflammation is associated with reduced GABAergic tone and restored motor coordination.
alterations present in patients with MHE.
2 PCS rats show neuroinflammation in the cerebral cortex, with increased levels of inflammatory markers, and treatment with ibuprofen reduces neuroinflammation in cortex and restores learning in a Y maze task 3 and motor activity. 4 PCS rats also show neuroinflammation in hippocampus, associated with altered membrane expression of glutamate and GABA receptors and impaired spatial learning and memory. 5 Treating PCS rats with sildenafil, an inhibitor of phosphodiesterase 5 that degrades cGMP, reduces neuroinflammation in hippocampus, normalizes receptors membrane expression, and restores spatial learning 5 and learning in the Y maze.
6
Sildenafil also reduces neuroinflammation in hippocampus and improves cognitive performance in APP/PS1 transgenic mice model of Alzheimer's disease 7 and reduces neuroinflammation and IL-1β levels in cerebellum in an inflammatory model of demyelination in mice. 8 It has not been assessed whether PCS rats show neuroinflammation in cerebellum or whether sildenafil would reduce neuroinflammation in cerebellum and/or improve motor in-coordination in rats with MHE.
We propose that there is an interplay between neuroinflammation, cGMP, and GABAergic/glutamatergic neurotransmission in the induction of cognitive and motor alterations in MHE ( Figure 1 ).
PCS rats show impaired motor coordination, which is modulated mainly by GABAergic neurotransmission in cerebellum. Enhanced
GABAergic tone impairs motor coordination. 9, 10 We hypothesized that in PCS rats: (i) Motor in-coordination would be due to enhanced GABAergic tone; (ii) increased GABAergic tone would be due to neuroinflammation in cerebellum; (iii) increasing cGMP levels would reduce neuroinflammation and GABAergic tone and restore motor coordination.
To assess these hypotheses, we put the questions if: (i) PCS rats show neuroinflammation in cerebellum; (ii) treatment with sildenafil reduces this neuroinflammation; (iii) reduction in neuroinflammation is associated with reduced GABAergic tone and restoration of motor coordination. We used control and PCS rats, treated or not chronically with sildenafil to enhance cGMP levels. To analyze neuroinflammation, we measured astrocyte and microglia activation, the pro-inflammatory markers IL-1b and TNF-a and the antiinflammatory markers YM-1 and IL-4. To evaluate GABAergic tone, we measured extracellular GABA by in vivo microdialysis and membrane expression of GABA transporters and receptors. We also measured motor coordination in the beam walking.
| METHODS

| Portacaval anastomosis
Male Wistar rats (220-240 g) were subjected to portacaval anastomosis as described by Lee 
| Treatment with sildenafil
Rats were distributed in four groups: two groups of Sham, with (SM+SIL) or without (SM) sildenafil and two groups of PCS, with (PCS+SIL) or without (PCS) sildenafil. This drug was administered (50 mg/L) in the drinking water, ad libitum, as in, 6 beginning 2 weeks after PCS surgery.
| Motor coordination in the beam walking
Motor coordination was assessed using the beam walking test. The number of foot faults (slips) is recorded as a measure of in-coordination as described in. 12 A fault was defined as any foot slip off the top surface of the beam or any limb use on the side of the beam.
| Ammonia determination in blood
Blood (20 μL) was taken from the tail vein. Blood ammonia was measured immediately after blood collection with the Ammonia Test Kit II for the PocketChemBA system (Arkay, Inc., Kyoto, Japan).
| In vivo microdialysis
Rats were anesthetized using isoflurane, and a microdialysis guide was implanted in cerebellum as in. 13 After 48 hours, a microdialysis probe was implanted in the freely moving rat. Probes were perfused (3 μL/min) with artificial cerebrospinal fluid (in mmol/L): NaCl, 145;
KCl, 3.0; CaCl 2 , 2.26; buffered at pH 7.4 with 2 mmol/L phosphate.
After a 2-to 3-hour stabilization period, samples were collected every 30 minutes. Samples were stored at −80°C until analysis of cGMP or GABA levels.
| Determination of cGMP
cGMP was measured using the BIOTRAK cGMP enzyme immunoassay kit from Amersham (Amersham, Buckinghamshire, UK) using 50 μL of dialysate.
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| GABA determination
GABA concentration was measured by HPLC as described in. Cross-linking was terminated by adding 100 mmol/L glycine (10 minutes, 4°C). The slices were homogenized by sonication for 20 seconds.
Samples treated with or without BS 3 were analyzed by Western blot using anti-GAT-3 or anti-GAT-1 (1:1000; Abcam, Cambridge, UK). The surface expression of transporters was calculated as the difference between the intensity of the bands without BS3 (total protein) and with BS3 (nonmembrane protein).
| Brain immunohistochemistry
At week 4 after PCS surgery, the rats were anaesthetized with so- For GFAP staining, no size filter was applied. For each rat, at least 10 fields (56×) were quantified. The result was expressed as percentage of control rats.
IL-1b-positive cells were manually counted using ImageJ. For each rat, at least 10 fields (40×) were quantified and results were expressed as percentage of control rats.
| Analysis of protein contents in cerebellum by western blot
Rats were sacrificed by decapitation. Cerebellum was dissected, homogenized, and were subjected to electrophoresis and immunoblotting as in. 16 Primary Louis, MO, USA). The images were captured using the ScanJet 5300C
(Las Rozas, Madrid, Spain) and band intensities quantified.
| Statistical analysis
Results are expressed as mean±SEM. Data were analyzed by one-way analysis of variance (ANOVA) followed by Tukey's and Dunnet Post hoc tests. P<.05 is considered to indicate statistically significant differences.
| RESULTS AND DISCUSSION
PCS rats show reduced (P<.05) levels of extracellular cGMP in cer-
Sildenafil treatment increased the levels of extracellular cGMP in PCS rats to 401±58 pmol/L, which was not different from control rats.
Ammonia levels were 30±6 μmol/L in control rats and were in- PCS rats show increased concentration of extracellular GABA in cerebellum, reaching 18±3 nmol/L (P<.05) compared to 11±1 nmol/L in control rats. Treatment with sildenafil reduced extracellular GABA in PCS rats to 13.8±0.7 nmol/L, which was not different from control rats ( Figure 3B ).
PCS rats also show increased membrane expression of the alpha 5 subunit of the GABA A receptor, which increased to 269%±80% of control rats (P<.05). Treatment with sildenafil reduced membrane expression of the alpha 5 subunit in PCS rats to 79%±22% of control rats ( Figure 3C ).
We also analyzed the membrane expression of the GABA transporters GAT3 ( Figure 3D ) and GAT1 ( Figure 3E ). PCS rats show increased membrane expression of GAT3 to 256%±51% of control rats (P<.001) and reduced membrane expression of GAT1, to 51%±8% of control rats (P<.001). Treatment with sildenafil normalized membrane expression of GAT3 to 143%±18% and of GAT1 to 78%±13% of control rats ( Figure 3D ,E).
To assess the presence of neuroinflammation, we analyzed by immunohistochemistry activation of microglia and astrocytes and the levels of relevant pro-and antiinflammatory cytokines. As a marker of microglia, we analyzed Iba-1, a 17-kDa actin-binding protein that is constitutively expressed in all microglia. 17 PCS rats show activated microglia in cerebellum, as reflected by the ameboid, less ramified morphology ( Figure 4A ) and the reduced perimeter, which decreased to 76%±4% (P<.05) of control rats ( Figure 4C ).
Moreover, the number of microglial cells was increased to 130%±5% (P<.001) of control rats ( Figure 4B ). Treatment with sildenafil normalized the morphology of microglial cells ( Figure 4A ) and F I G U R E 3 Sildenafil reduces GABAergic tone in cerebellum of PCS rats. Microdialysis guide was implanted in cerebellum as described in methods, in the position indicated in (A) and extracellular GABA concentration was measured by microdialysis in freely moving rats (B). Values are the mean±SEM of 14 sham and PCS rats and eight sham and PCS rats treated with sildenafil. Membrane expression of the alpha 5 subunit of GABA A receptor (C) and of the GABA transporters GAT3 (D) and GAT1 (E) was analyzed using the BS3 cross-linker procedure as described in methods. Samples, incubated in the absence or presence of BS3, were subjected to Western blotting using the corresponding antibodies. its perimeter (to 123%±6% of control rats, Figure 4C ) and number (to 103%±3% of control rats, Figure 4B ).
In addition to parenchymal microglia, Iba1 can recognize perivascular, meningeal, and choroid plexus macrophages but not resident monocytes or inflammatory monocytes. 18, 19 Macrophages can be easily distinguished from microglia by the distinctive ramified microglial morphology. The data shown in Figure 4B correspond specifically to microglia; no macrophages were counted. The data in Figure 4B therefore suggest increased proliferation of microglia in PCS rats, but not in PCS rats treated with sildenafil. Figure 4C shows that sildenafil appears to not only "renormalize" the perimeter of microglia but has also a tendency to even "reverse" the direction of the effects of PCS. The perimeter in PCS rats treated with sildenafil is significantly (P<.05) larger than in sham rats. Also in sham rats treated with sildenafil, there is a tendency to increase the microglial perimeter compared to untreated sham rats. We believe that this effect is due to the fact that sham rats have suffered a sham surgery, which induces a mild inflammatory effect resulting in a slight neuroinflammation compared to naïve (nonoperated) rats. This is re- We also analyzed by immunohistochemistry the number of cells expressing IL-1b, which was increased in PCS rats (P<.05) to 159%±24% of control rats and was reduced (P<.001) by treatment with sildenafil to 76%±7% of control rats ( Figure 5B,D) .
We have recently shown that IL-1b and TNF-a induction in the hippocampus of PCS rats is neuronal. 5, 21 However, in cerebellum, we found an induction of IL-1b mainly in astrocytes. IL-1b is expressed in multiple cell types in the brain. Its expression is particularly high during neuroinflammation being rapidly synthesized and released, primarily by microglia and astrocytes. 22, 23 TNF-a and IL-1b are expressed in hippocampal neurons in vivo in response to lesions 24 or to pneumococcal meningitis. 25 In situ hybridization studies show that in murine pneumococcal meningitis, TNF-a mRNA was first upregulated in astroglial cells but at 18-24 hours was strongly increased in hippocampal neurons. 25 A similar process would occur in hippocampus of rats with HE due to PCS, leading to increased expression of IL-1b and TNF-a in neurons. However, this process seems to be specific for hippocampus and we do not observe increased levels of IL-1b or TNF-a in cerebellar neurons.
The content of IL-1b in cerebellum, analyzed by Western blot, was also increased in PCS rats (P<.01) to 127%±8% of control rats and was reduced by treatment with sildenafil to 110%±11% of control rats ( Figure 6A ). A similar increase was found for TNF-a, which increased in PCS rats (P<.05) to 132%±13% of control rats and was reduced by treatment with sildenafil to 102%±12% of control rats ( Figure 6B ).
In contrast, the contents of the antiinflammatory markers YM-1 and IL-4 were reduced in cerebellum of PCS rats to 72%±6% (P<. Increased GABAergic tone in cerebellum would be responsible for motor in-coordination in PCS rats. Motor coordination is mainly modulated in cerebellum by GABAergic neurotransmission. Increased GABAergic tone in cerebellum impairs motor coordination. 9 Mice lacking the GABA transporter subtype 1 (GAT1) show increased extracellular GABA and reduced motor coordination. 26 Also, rats developmentally exposed to polychlorinated biphenyls show motor in-coordination which correlates with extracellular GABA levels in cerebellum. 10 The changes in motor coordination observed in PCS rats would be a consequence of altered GABAergic neurotransmission in cerebellum. The improvement of motor coordination in PCS rats treated with sildenafil would be therefore due to the reduction of GABAergic tone in cerebellum. We show here that sildenafil increases cGMP in PCS rats, which is associated with reduction in neuroinflammation and normalization of neurotransmission and motor coordination.
Altogether, the new data reported and these previous data support the hypothesis summarized in Figure 1 proposing an interplay between neuroinflammation, cGMP, and GABAergic/glutamatergic neurotransmission in the impairment of cognitive and motor function in rats with MHE. This interplay could also occur in general in most pathological situations associated with neuroinflammation.
This interplay would occur in different brain areas with different relative relevance of each player, resulting in different types of neurological alterations. In hippocampus, glutamatergic neurotransmission would be more relevant and this interplay would impair mainly spatial learning. 6 In cerebellum, as shown here, GABAergic neurotransmission would be more relevant and would impair motor coordination and learning in the Y maze. 6 We show here that modulating cGMP levels in cerebellum by sildenafil treatment eliminates neuroinflammation and normalizes GABAergic tone and motor coordination, further supporting the interplay hypothesis proposed in Figure 1 . This supports the idea proposed in Figure 1 of an interplay between cGMP-neuroinflammation-GABAergic neurotransmission.
In hippocampus, IL-1b or lipopolysaccharide enhances GABAergic neurotransmission by enhancing membrane expression of GABA A receptors. [34] [35] [36] This is prevented by co-incubation with the IL-1 receptor antagonist IL-1Ra. 34 It seems therefore that IL-1b would play a main role in increasing membrane expression of GABA A receptors, but the underlying mechanisms remain unknown.
We show here that PCS rats also show increased membrane expression of GABA A receptors in cerebellum, associated with increased IL-1b levels. Sildenafil normalizes IL-1b levels and membrane expression of GABA A receptor. This suggests that sildenafil would reduce IL-1b levels and this, in turn, would eliminate the enhanced membrane expression of the GABA A receptor, which would return to normal values.
We show here that in PCS there is a second factor enhancing GABAergic neurotransmission, an increase in extracellular GABA concentration, which would be also a consequence of neuroinflammation and would be mediated by altered membrane expression of the GABA transporters GAT1 and GAT3. Under normal conditions, both GAT1
and GAT3 take up GABA from the extracellular fluid into the cells. The reduced membrane expression of GAT1 in PCS rats would therefore contribute to increase extracellular GABA.
The function of GAT3 is reversed under different conditions, leading to GABA release through it from cells to the extracellular fluid. GABA transport gains its driving force from the concentration gradient of Na + between intracellular and extracellular compartments. 37 Situations that increase intracellular Na + to levels enough to change this gradient may reverse the function of GAT3 leading to GABA release. For example, uptake of certain levels of glutamate by astrocytic transporters triggers the release of GABA through GAT3, likely by elevating the intracellular Na + concentration in astrocytes. 38, 39 Reversal of GAT3 function and GABA release through it has been also reported in activated astrocytes of a mouse model of Alzheimer's disease. 40 A similar GAT3-mediated release of GABA has been suggested in activated astrocytes in cerebellum of hyperammonemic rats. 30 Neuroinflammation would therefore contribute to increased release of GABA through GAT3 in activated astrocytes also in PCS rats. Membrane expression of GAT3 is increased in cerebellum of PCS rats, which would further potentiate GABA release and extracellular GABA increase. Sildenafil reduces neuroinflammation, eliminating astrocytes activation and the enhancement of GAT3 membrane expression. This would also return GAT3 function to uptake instead of release of GABA, thus normalizing extracellular GABA.
Increased extracellular GABA in cerebellum would be responsible for motor in-coordination in PCS rats. Reducing extracellular GABA and GABAergic tone by modulating GABA A receptors with the antagonist bicuculline or the neurosteroid pregnenolone sulfate restores motor coordination in hyperammonemic rats. 29, 31 Sildenafil normalizes GABAergic tone, likely as a consequence of reducing neuroinflammation. This would be responsible for restoration of motor coordination in PCS rats by sildenafil.
| CONCLUSIONS
In summary, this work shows that PCS rats show reduced cGMP as- These results support an interplay between cGMP-neuroinflammation and GABAergic neurotransmission in the impairment of motor coordination in PCS rats.
